We perform precise studies of two-and three-body interactions near an intermediate-strength Feshbach resonance in 39 K at 33.5820(14) G. Precise measurement of dimer binding energies, spanning three orders of magnitude, enables the construction of a complete two-body coupled-channel model for determination of the scattering lengths with an unprecedented low uncertainty. Utilizing an accurate scattering length map, we measure the precise location of the Efimov ground state to test van der Waals universality. Precise control of the sample's temperature and density ensures that systematic effects on the Efimov trimer state are well understood. We measure the ground Efimov resonance location to be at −14.08(17) times the van der Waals length r vdW , significantly deviating from the value −9.7 r vdW predicted by van der Waals universality. We find that a refined multi-channel three-body model, built on our measurement of two-body physics, can account for this difference and even successfully predict the Efimov inelasticity parameter η.
The few-and many-body physics of an interacting gas are intractable when treated in full microscopic detail. However, the problem can be greatly simplified in a dilute ultracold atomic gas with near-resonant interactions, where the two-body scattering length a greatly exceeds the van der Waals length r vdW characterizing the range of the interacting potential. In such scenario, all physical observables can be parametrized by only two dimensionless quantities describing the strength of interactions and the level of quantum degeneracy [1] : na 3 and nλ 3 , where n is the atomic density and λ is the thermal wavelength. Then, continuous scaling transformations, such as n → ζ −3 n, a → ζa and λ → ζλ, will leave all observables and their dynamics invariant when measured in rescaled units. Such behavior is regarded as universal, insensitive to microscopic details in the problem and the chosen atomic species.
Nevertheless, the principle of universality has its limitations. For example, unless all length scales in the problem (|a|, λ, n −1/3 , etc.) greatly exceed r vdW , nonuniversal corrections due to short-ranged physics must be implemented. Even when these conditions are well satisfied, a more fundamental effect concerning few-body interactions can break universality: the Efimov effect [2] . Within this phenomenon, short-ranged near-resonant two-body interactions give rise to a three-body attraction that hosts an infinite series of Efimov trimer states. Each consecutive state meets the three-body continuum at a particular value of scattering length that is 22.7 times larger than of the previous state, with a − defining the ground state location [1] . While these fixed length scales break the continuous aspect of universality, there remains a discrete version of scale transformations, with ζ values restricted to 22.7 j , where j is an integer.
The value of a − was originally thought to be set by the details of the short-range interaction, and therefore to be thoroughly non-universal. However, it was noted that across many atomic species and different Feshbach resonances the measured a − value was within 20% of −9 r vdW [3] [4] [5] [6] . This suggested that a − depends only on the longest-range part of the short-range physical interaction. Theory indeed predicts a similar value of a − = −9.7 r vdW [4] [5] [6] [7] [8] . This "van der Waals universality", together with the Efimov scaling, allows one to predict the full Efimov structure to arbitrary large length scales.
Our experimental goal is to definitively challenge the robustness of this van der Waals universality. It has been speculated [9] [10] [11] [12] [13] [14] [15] [16] that universality of the Efimov structure depends on the breadth of the Feshbach resonance, quantified by dimensionless parameter s res . Very roughly, s res may be understood as the parameter that characterizes the range of scattering length, |a| > ∼ 4r vdW /s res , over which the two-body Feshbach resonance has universal structure, meaning e.g. that the two-body binding energy E b =h 2 /(ma 2 ) [17] . One might expect the threebody Efimov resonances to be more precisely universal when they fall more deeply within the range of a for which the two-body Feshbach resonant structure is universal. In previous experiments on homonuclear Efimov states [3, 15, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] there is some support for the notion that as s res gets smaller, the measured a − values should begin to deviate from the universal a − = −9.7 r vdW value, see Fig. 1 . However, this conclusion is only tentative due to: large experimental uncertainties in the measured a − [15] ; mysterious temperature dependence [30] ; the use of indirect methods in measuring a − [13] ; and large systematic uncertainties in the parameters of the underlying twobody Feshbach resonance [15, 18, 19, 25] . [13] . Previous results (blue circles) [3, 15, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] show a tentative dependence of a− value on the Feshbach resonance strength parameter sres. Our measurement (red star; red band in the inset) is the strongest evidence of departure from the −9.7±15% r vdW value (dashed line and gray area) predicted by van der Waals universality [4, 5, 7, 8] . Calculations for a− based on a single van der Waals potential with N s-wave two-body bound states [7] are shown as green squares for N = 1-7 (inset). Results from our multi-channel model with sres = 1.9 [31] are shown as black triangles for N = 2-5 (inset) and N = 5 (main figure).
der Waals universality near a Feshbach resonance with s res = 1.9, intermediate between the narrow (s res 1) and broad (s res 1) regimes. Specifically, we accurately determine the value of a − by having precise control of critical experimental parameters such as temperature, density and scattering length. Because of our tight control of both systematic and statistical error, ours is the first measurement of a compelling nonuniversal a − value in a homonuclear Efimov resonance. We note that earlier experiments [13] in extremely narrow, heteronuclear Efimov resonances also observe a distinct deviation from van der Waals universality. In a recent study [14] , the authors have found that a − should depend not only on s res , but also on the background scattering length a bg . While their model better explains nonuniversal behavior, we required construction of a new model, incorporating still more realism and detail [31] , to further understand our results.
A thorough characterization of the Feshbach resonance and an accurate map of the scattering length are required for precise determination of the a − value. Accordingly, we perform high-precision spectroscopy on a pure gas of Feshbach dimers and accurately determine their binding energies. This measurement enables us to refine our twobody model and accurately predict the scattering length in our Efimov measurements. In other Feshbach resonance studies, methods based on number loss or thermalization rate have occasionally given inconsistent results. By contrast, dissociation spectroscopy of Feshbach dimers isolates two-body physics and accurately determines resonance properties [32] [33] [34] [35] .
Precision molecular spectroscopy requires long interrogation times under unperturbed conditions. We stabilize the magnetic field to mG-level and eject all unpaired atoms, whose presence affects dimer lifetimes and complicates spectroscopy. A pure molecular sample is prepared by starting with ∼ 10 5 atoms confined in an optical dipole trap and a temperature ∼ 300 nK. We transfer a fraction of atoms in the |F = 1, m F = −1 hyperfine state to the dimer state by magneto-association [36] . Subsequently, all residual unpaired atoms are blasted away by multiple radio-frequency (RF) and optical pulses, leaving a pure sample of ∼ 10 4 molecules. Lastly, the magnetic field B is ramped to various values, corresponding to different binding energies, where we perform RF spectroscopy.
We dissociate molecules by transferring one atom of the pair from the |F = 1, m F = −1 interacting state to the |F = 2, m F = 0 imaging state. The final state being nearly non-interacting enables us to directly probe the dimer binding energy. Additionally, the transition being magnetically less sensitive near B values of interest allows long molecular interrogation times, limited only by dimer lifetimes, to achieve high spectral resolution. We scan RF frequency and measure the transferred fraction, keeping pulse energy low to limit saturation effects and dissociate a maximum 50% of molecules. We fit the measured spectrum to a functional form given by the Franck-Condon factor of the bound-free transition [32] , and extract the molecular binding energy E b [31] . We repeat this procedure to determine E b at different magnetic field values, as depicted in Fig. 2 .
The universal expression E b =h 2 /(ma 2 ) is always accurate for large enough a. A more refined expression
, which introduces the mean scattering lengthā ≈ 0.956 r vdW [37] , is valid at smaller values of a as long as a r vdW /s res [38] . However, such treatments are inadequate for narrow and intermediate resonances. To better compare to our experimental data, we developed a coupled-channel model [31] capable of describing our high-precision E b data. We fine-tune the model's parameters, the singlet and triplet scattering potentials, to accurately match most of our measurements to within 1%, as depicted in Fig. 2 inset. As a result, we determine a particular linear combination of the singlet and triplet scattering lengths 0.2470 a S + 0.9690 a T = 1.926(2) a 0 [31] , further constraining the previously-reported values of a S = 138.49(12) a 0 and a T = −33.48(18) a 0 [39, 40] . Furthermore, we constrain the Feshbach resonance location to within 33.5820 G ± 1.4 mG, a two-orders of magnitude improvement over the previous measurement [15] and an unprecedented [33] accuracy better than 3 × 10 −5 of the resonance width. With a good grasp on two-body physics, we seek to test the validity of van der Waals universality near our Feshbach resonance. We perform precision atom-loss spectroscopy to obtain the Efimov ground state location a − [41] . Specifically, we measure the inelastic three-body recombination coefficient L 3 in the vicinity of a − where the presence of the nearby Efimov state leads to a resonant enhancement of the three-body loss, an Efimov resonance. A zero-temperature zero-range expression [1] relates L 3 features to a − for a < 0:
where the dimensionless inelasticity parameter η characterizes the Efimov resonance width and the constant s 0 ≈ 1.00624 fixes Efimov series spacing e π/s0 ≈ 22.7. While Eq. (1) adequately describes L 3 in the limit of λ |a|, for increasing temperatures it becomes less valid and a finite-temperature zero-range model [24, 42] is required to describe the three-body loss, for a < 0:
2 dx, where k th = √ mk B T /h, x = k|a|, A is a numerical factor that improves the fit quality by allowing for uncertainty in the absolute density, and the complex function s 11 (x) is an S-matrix element from Refs. [24] and [43] .
We perform L 3 (a) measurements at different temperatures and extract a − using the zero-range model Eq. (2). We begin with dilute thermal samples at a = −100 a 0 . We ensure our gas is fully thermalized and make trapping potentials sufficiently deep to be certain that evaporative losses have a negligible effect on our measurements. Then, we ramp a to a value of interest and let threebody loss occur for a varied amount of time, allowing up to 30% decay of the initial atom number. Subsequently, we ramp a to a value of −200 a 0 , transfer the remaining atoms to the |F = 2, m F = −2 state and perform timeof-flight imaging. We determine the time-dependent density n from the measured temperatures and atom numbers. For each scattering length, we extract L 3 value by numerically solving the expression [44] :
where
and constant 1/α > 40 s is the a-independent one-body decay time measured at a = −100 a 0 , which is negligible compared to the threebody loss timescales of 50-170 ms for our n near a − . Additionally, we check that the two-body loss contribution −L 2 n to Eq. (3), with L 2 predicted by our two-body model, is also negligible.
Accurate calibration of density and a (and not just relative changes) enables accurate comparison of the measured L 3 (a) values at different temperatures, as depicted in Fig. 3 . We fit each temperature data to Eq. (2) with three parameters: a − (see inset of Fig. 3 ), η and A. We take the weighted mean across all temperatures to extract single values a − = −908(11) a 0 = −14.08(17) r vdW and η = 0.25(1). Eq. (2) will eventually become inaccurate at large a, it implicitly assumes that na 3 1 and that the second Efimov peak will appear a factor of 22.7 beyond the first. We vary the fit range from all a to only |a| < λ/10 and take the maximal spread of all fit errors as the uncertainty on a − and η.
In addition to finite-temperature effects, we check the effect of high density on L 3 measurements. We prepare samples with varied densities yet similar temperatures ∼ 200 nK. While measurements with the two lowest densities, where initial na [44] [45] [46] , is enhanced near an Efimov ground state located at a−. For each temperature, we fit our data using a zero-temperature zerorange model (Eq. (1)), limiting fits to data points for which |a| < λ/10 (short vertical lines), to extract L3/a 4 peak location and a finite-temperature zero-range model (Eq. (2), solid) to extract the true a− value. The inset shows the extracted peak locations (circles) and a− values (squares), where both coincide at the lowest temperature. The observed a− value significantly deviates from the a− = −630 a0 value (inset dashed line) predicted by Van der Waals universality [7] .
at a − , are consistent, we observe a suppression and shift of the Efimov resonance for our highest-density gas (see Fig. 4 ), where na 3 = 9.7 × 10 −5 at a − . A recently published study [30] , on the same resonance as we discuss here, reports difficult-to-interpret results, including counter-intuitive temperature-induced shifts in the Efimov peak at high values of na 3 and nλ 3 . We see no such effects in the data (shown in Fig. 3 ) that we use to determine a − , for those fits we use only na 3 < 4 × 10
and nλ 3 < 0.2 [31] . The data shown in Fig. 3 agree well with the prediction of Eq. (2), not just in the shape of L 3 (a, T ), but in its overall amplitude A. The fact that for all values of T our fit A is within 43% of 1.0, consistent with small discrepancies in the density calibration, is further evidence that our results are not contaminated by high degeneracy, many-body effects or misassignment of resonance peaks.
Our final value for a − = −908(11) a 0 , plotted as a red star in Fig. 1 , differs from the range of theoretical predictions [4] [5] [6] [7] [8] for the universal result, a − = −630 ± 15% a 0 by many times our estimated error. How does this firmly established discrepancy compare to theoretical efforts to model the "edges of universality"?
The range a − = [−11.2, −8.3] r vdW of theoretical predictions for the universal value arises because the calcu- Small L3 deviations at low |a| between the lowest-density data and the other data are attributed to differing trap conditions that result in evaporation. However, a strong suppression of L3 amplitude near a = a− in the highest-density data is unexpected and suggests many-body effects can be important even for na
lated value of the ostensibly universal a − depends, even if only modestly, on the details of short-range treatment [7] . It seems likely this variability will be only more pronounced for a regime where universality is already beginning to fail on its own. The key qualitative lesson from Ref. [14] is that a − depends on s res and a bg , predicting a nonuniversal value for s res = 1.9 and a bg = −19.6 a 0 . However, going beyond the results from Ref. [14] , we find that a − also depends on the number of bound states in the model for small s res and a bg . In our theoretical effort to accurately describe three-body physics [31] , we constructed a more realistic multi-channel model using realistic hyperfine and Zeeman spin structure, with triplet and singlet scattering lengths constrained to equal our empirically determined values. In this model, s res and a bg are not adjustable parameters and correspond to experimental values as a natural consequence of the more detailed multi-channel approach. The adjustable parameters are the inner walls of the van der Waals potentials tuned to give the desired number of bound states. The results are shown as black triangles in the inset of Fig. 1 . We see that the predicted a − result more closely approximates our distinctly nonuniversal measurement as we go to a larger number of bound states. An empirical attempt to extrapolate to a very large number of bound states yields a lim − = −13.1 r vdW and η lim = 0.21. This is the first attempt to get a quantitatively accurate calcu-lation for η close to our measured value of 0.25 (1) . The reasonable agreement with the experimental value shows the importance of properly modeling the diatomic molecular spectra and its hyperfine structure.
To conclude, we precisely measure dimer binding energies, the Feshbach resonance location, and the Efimov ground location. Our results, in particular the observation of a definitively nonuniversal Efimov state location and its corresponding inelasticity parameter, suggest that more realistic models, like the one we used, can be necessary to fully understand and accurately describe fewbody physics in ultracold atomic systems.
The 
I. DIMER BINDING ENERGY SPECTROSCOPY A. Binding Energy Data
A compilation of the E b spectroscopy data is presented in Table I . We take atomic spectra before and after each dimer dissociation measurement. The weighted mean f A of the two atomic lineshape centers (f A,1 and f A,2 ) defines the free-free transition frequency and, via the Breit-Rabi formula, the magnetic field B. To extract the bound-free dissociation threshold frequency, we subtractf A from the measured dimer dissociation spectrum and fit the spectrum to a function (see Fig. S.1 ) that is a convolution of the Franck-Condon factor [1] and the Fourier-spectrum of the Gaussian-shaped RF dissociation pulse, whose duration is chosen to be shorter than the dimer lifetime. The total uncertainty on the dissociation threshold frequency is taken as the fit error added in quadrature with uncertainty onf A . Finally, we extract the free-space dimer binding energy E b by subtracting the total confinement-related frequency shift from the dissociation threshold frequency. We calculate the confinement shift for the final (free) and initial (bound) states and take their difference as the total confinement shift [2] . Due to relatively small trap frequencies of ω r /2π = 28.64(66) Hz and ω z /2π = 117.3(1.0) Hz and the final state being nearly non-interacting, the total confinement shift is equal, within uncertainty on our trapping frequencies, to the zero-point energy 87.3(1.4) Hz for all dissociation spectra.
B. Two-Body Coupled-Channel Model
We calculate bound and scattering properties for two 39 K atoms from the two-body Hamiltonian:
where m is the atomic mass and r is the interatomic distance. In the above Hamiltonian, V S=0 (≡ V S ) and V S=1 (≡ V T ) are the electronic singlet and triplet BornOppenheimer potentials between the two atoms, respectively, and H hf is the atomic hyperfine Hamiltonian in the presence of the external magnetic field B. The single and triplet potentials we used were derived in Ref. [3] . In fact, in order to fine tune our interaction model with the experimental data, we have added a small perturbation δ i Θ(r eq − r)(r − r eq ) 2 to the potentials of Ref. [3] , where r eq is the potential's equilibrium position and δ i are fit parameters, labeled δ S and δ T (see Sec. I C), adjusted to fine-tune the singlet and triplet potentials.
We are interested in the properties of two 39 K atoms in the m F1 + m F2 = −2, where F is the atomic hyperfine quantum number and m F its azimuthal projection, which contains the (cc) channel relevant to our experiment, |F 1 = 1, m F1 = −1 + |F 2 = 1, m F2 = −1 [4] . We disregarded terms in Eq. (S1) corresponding to the magnetic dipole interaction [4] , as we found them to be negligible with respect to the (still small) experimental uncertainties. As a result, the two-body radial Schrödinger TABLE I. Precise binding energy spectroscopy data. The B-field is determined from the weighted meanfA of two atomic lineshape centers fA,1 and fA,2, taken before and after each molecular dissociation spectrum. The frequency fD corresponds to the dissociation threshold frequency in the confining trap, while E b corresponds to the free-space dimer binding energy. 
where ε α is the channel energy for atoms in the hyperfine state α and V αβ are the corresponding the interaction terms resulting the singlet and triplet potentials in the hyperfine basis. These two terms contain all the B field dependence in the problem. Note that Eq. (S2) only couples hyperfine states in which m F1 +m F2 = −2. Solutions of Eq. (S2) provide our results for the binding energy and scattering length for 39 K atoms in the |F = 1, m F = −1 state in this work.
C. Extraction of Feshbach Resonance Parameters from E b Data
We adjust the coupled-channel model by performing a global fit to our E b (B) data. Specifically, we adjust two fit parameters (we call) δ S and δ T that fine-tune the singlet and triplet potentials, respectively, and which ultimately determine the singlet and triplet scattering lengths a S and a T . Since the predicted E b value at each magnetic field is predominately determined by a particular linear combination of δ S and δ T , we perform the global fit in a rotated basis.
The fit allows us to constrain the corresponding linear combination of a S and a T to a high precision: sin(0.2496) a S + cos(0.2496) a T = 1.926(2) a 0 . Additionally, we deduce the Feshbach resonance location B 0 = 33.5820 (14) G, where the uncertainty is the fit error added in quadrature with 0.5 mG, the average uncertainty on B in E b (B) data. The E b = 1167 kHz data point leads to a significant increase in our reduced-χ 2 and we do not include it in our final fit. However, masking any data (single or multiple points) in our global fit results in the same B 0 , within the quoted error.
We can combine our result with the constraint on the Feshbach resonance location at 560.72(20) G (measured elsewhere [5] ) to extract a S = 138.85 a 0 and a T = −33.40 a 0 , where a S value is predominately determined by the resonance at 560.72(20) G. These values are similar to the previously-reported values a S = 138.49(12) a 0 and a T = −33.48(18) a 0 extracted from many Feshbach resonances [3, 6] .
The fine-tuned model, with determined a S and a T , predicts many two-body observables, including a(B) map, E b (B), and the two-body inelastic coefficient L 2 (B). Due to the presence of a nearby Feshbach resonance, we fit a(B) to a two-resonance expression to extract additional resonance parameters: 
II. EFIMOV RESONANCE LOCATION A. Data Conditions and Fit Results
A compilation of Efimov resonance measurement conditions and fit results is presented in Table II . Each temperature data set is described by a time-averaged temperatureT , initial temperature T i , initial mean density n i and a mean trap frequencyω. Efimov L 3 /a 4 peak locations, widths and heights are determined from fits to the zero-temperature zero-range expression (Eq. (1) of the main text), limiting fits to data points for which |a| < λ/10 (thermal wavelength) and redefining a − as the peak location, η as the peak width and the fit prefactor as the peak height. We extract the true Efimov ground state location a − and η from a fit to the finitetemperature zero-range expression (Eq. (2) of the main text), where the fit amplitude prefactor deviation from unity describes the uncertainty in our absolute density calibration. We do not include fit results for high na 3 data, for which there appears to be some unaccounted for many-body effect.
B. Three-body Coupled-Channel Model
Our three-body calculations for 39 K atoms were performed using the the adiabatic hyperspherical representation [9] [10] [11] [12] [13] , with atoms containing the proper hyperfine structure. In order to incorporate such effects we have used Feshbach projectors in an approach similar to the one used in Ref. [14] . In the hyperspherical representation the hyperradius R determines the overall size of the system, while all other degrees of freedom are represented by a set of hyperangles Ω. Within this frame work, the three-body adiabatic potentials U and channel functions Φ are determined from the solutions of the hyperangular adiabatic equation:
which contains the hyperangular part of the kinetic energy, expressed through the grand-angular momentum operator Λ 2 and the three-body reduced mass µ = m/ √ 3. In our formulation, as well as the one in Ref. [14] , the multichannel structure of interatomic interactions only accounts for the states in which the two-body subsystem is resonant, i.e. we used the same two-body interaction potential matrix than the one for the two-body problem Eq. (S2). Other spin states and symmetries are neglected in our approach as they, a priori, should play a minor rule on the determination of the resonant three-body observables. The resonant spin channels we consider are fully symmetric with m F1 +m F2 +m F3 = −3, with at least one pair, ij, with m Fi + m Fj = −2 and the third, k, atom in the |F k = 1, m F k = −1 state. We note that, since our interaction model incorporates the proper hyperfine structure, as well as singlet and triplet interactions, the correct values of all two-body resonance parameters, including s res and a bg , are naturally built in.
For our three-body calculations near the B 0 = 33.582G resonance, we have replaced the actual singlet and triplet potentials from Ref. [3] by two Lennard-Jones potentials, v S (r) = −C 6 /r 6 (1 − λ 6 S /r 6 ), and v T (r) = −C 6 /r 6 (1 − λ 6 T /r 6 ), with λ S and λ T adjusted to correctly produce the singlet and triplet scattering lengths. We allowed for small variations in a S and a T to better fit the position and width of the Feshbach resonance, B 0 and ∆B, as well as the background scattering length a bg . The value for the Efimov resonance position a − is obtained using v S and v T potentials supporting different number of s-wave bound states. This is done by solving the hyperradial Schrödinger equation [10] ,
where ν is an index that labels all necessary quantum numbers to characterize each channel, and E is the total energy. From the above equation we determine the scattering S-matrix, and the resulting recombination rate L 3 . The value for a − , as well as the inelasticity parameter η, are then determined via fitting to the universal formula Eq. (1). The predicted values for a − and η are listed in Table III for different number of s-wave singlet bound states N S ≡ N our model potential can support. The number of triplet s-wave states is given by N T = N − 1.
We also list the total number of bound states in Table III , including all partial waves, after adding the hyperfine interactions that cause the mixing between singlet and triplet states. From Table III we see a considerable dependence of a − on the number of s-wave states, however, approaching to a limiting value that differs only 8% from the experimental finding of a − = −14.08(17) r vdW . This stronger dependence on the number of bound states is in contrast to the results obtained for broad resonances [11] . We also see a similar behavior for the inelasticity parameter η, whose limiting value is 0.21. This remarkable level of agreement for η indicates that our model is capable of properly describing the reaction rates in the system.
